A pproximAtely one-third of newly diagnosed epilepsy cases are refractory to medical management, and patients in these cases may be appropriate candidates for surgical intervention. 9, 15 The patients often undergo intracranial electroencephalography (EEG) monitoring via implanted subdural and/or depth electrodes to identify a seizure onset zone. Subdural electrode strips and grids are sometimes implanted through bur holes or ObJect Accurate placement of intracranial depth and subdural electrodes is important in evaluating patients with medically refractory epilepsy for possible resection. Confirming electrode locations on postoperative CT scans does not allow for immediate replacement of malpositioned electrodes, and thus revision surgery is required in select cases. Intraoperative CT (iCT) using the Medtronic O-arm device has been performed to detect electrode locations in deep brain stimulation surgery, but its application in epilepsy surgery has not been explored. In the present study, the authors describe their institutional experience in using the O-arm to facilitate accurate placement of intracranial electrodes for epilepsy monitoring. MethODS In this retrospective study, the authors evaluated consecutive patients who had undergone subdural and/or depth electrode implantation for epilepsy monitoring between November 2010 and September 2012. The O-arm device is used to obtain iCT images, which are then merged with the preoperative planning MRI studies and reviewed by the surgical team to confirm final positioning. Minor modifications in patient positioning and operative field preparation are necessary to safely incorporate the O-arm device into routine intracranial electrode implantation surgery. The device does not obstruct surgeon access for bur hole or craniotomy surgery. Depth and subdural electrode locations are easily identified on iCT, which merge with MRI studies without difficulty, allowing the epilepsy surgical team to intraoperatively confirm lead locations. reSultS Depth and subdural electrodes were implanted in 10 consecutive patients by using routine surgical techniques together with preoperative stereotactic planning and intraoperative neuronavigation. No wound infections or other surgical complications occurred. In one patient, the hippocampal depth electrode was believed to be in a suboptimal position and was repositioned before final wound closure. Additionally, 4 strip electrodes were replaced due to suboptimal positioning. Postoperative CT scans did not differ from iCT studies in the first 3 patients in the series and thus were not obtained in the final 7 patients. Overall, operative time was extended by approximately 10-15 minutes for O-arm positioning, less than 1 minute for image acquisition, and approximately 10 minutes for image transfer, fusion, and intraoperative analysis (total time 21-26 minutes). cONcluSiONS The O-arm device can be easily incorporated into routine intracranial electrode implantation surgery in standard-sized operating rooms. The technique provides accurate 3D visualization of depth and subdural electrode contacts, and the intraoperative images can be easily merged with preoperative MRI studies to confirm lead positions before final wound closure. Intraoperative CT obviates the need for routine postoperative CT and has the potential to improve the accuracy of intracranial electroencephalography recordings and may reduce the necessity for revision surgery.
beyond the edges of a craniotomy; therefore, direct visualization of their final position may not be possible. Depth electrodes are often placed with a high degree of accuracy using stereotactic guidance but can occasionally be malpositioned as a result of errors in depth placement and/or lead deviation. Subdural grid and strip electrodes are more prone to suboptimal positioning since they are sometimes passed through a bur hole or beyond craniotomy edges. 10 Accurate placement of invasive EEG electrodes is important for correctly identifying a seizure onset zone that may be appropriate for resection.
Preoperative MRI is typically used to evaluate for structural lesions and to plan electrode placement, and postoperative CT is often performed to confirm electrode placement. 2, 6 This approach is problematic, however, since the repositioning of electrodes using this strategy requires an additional operation. Intraoperative fluoroscopy can be used to confirm electrode implantation relative to a stereotactic frame, but it is not effective in frameless operations. Moreover, fluoroscopy is limited in its ability to detect medial and/or lateral lead deviations, and radiographic studies do not easily fuse with preoperative neuronavigation plans developed from CT and MRI. 4, 11 Intraoperative CTs (iCTs) can be obtained in standard operating rooms using the portable O-arm image acquisition system (Medtronic Inc.). This technique has been described in deep brain stimulation (DBS) surgery for confirming the accurate placement of electrodes into deep brain structures, 14 but its use in epilepsy surgery has not been investigated. In the present study, we report our institutional experience using the O-arm to facilitate accurate placement of intracranial electrodes for epilepsy monitoring.
Methods
The UC Davis Institutional Review Board approved this chart review. In this retrospective study, we evaluated consecutive patients who had undergone subdural and/or depth electrode implantation for epilepsy monitoring between November 2010 and September 2012.
Preoperative Planning
All patients undergo routine preoperative MRI as part of the evaluation for surgical intervention, and subsequent volumetric contrast-enhanced T1-weighted 3D MRI is performed for surgical planning. The StealthStation Cranial software package (Medtronic Inc.) is used, with the Brain Biopsy module selected for electrode planning. Surgical plans are developed for subdural electrode placement by creating a 3D rendering of the surface anatomy (Fig. 1) . Depth electrode plans are developed using entry points and trajectories that meet the following criteria: 1) entering in the crest of the middle or inferior temporal gyrus, 2) avoiding transgression of a cortical sulcus, and 3) avoiding injury to visible vascular structures.
O-arm Positioning and intraoperative imaging
After the induction of general anesthesia, the patient's head is secured in a Mayfield head clamp and attached to the operating table using a modified connector that will accommodate the gantry of the O-arm device.
14 Patient arms are padded and tucked such that arm boards can be removed, minimizing the table width that will be needed to accommodate the diameter of the O-arm gantry. If a standard operating table is used, the head and foot orientation is reversed to maximize the distance between the head of the bed and the base of the operating table. If a sliding table is used, it is slid to the head end of the bed to maximize this distance.
The O-arm is then moved into position using techniques described elsewhere.
14 These techniques are modified for epilepsy surgery by sliding the O-arm below the patient's shoulders to provide maximal access to the head. The reference arc for the StealthStation navigation is positioned above the vertex of the head to provide direct line of sight to the infrared detection device without obstruction from the O-arm gantry. Specifically, the O-arm gantry is positioned around the torso at the level of the upper chest to allow access to create bur holes or larger craniotomies when necessary. The operative field is then prepared in a routine fashion, and a clear hip or shower curtain drape is used to cover the operative field as well as the anterior half of the O-arm machine (Fig. 2) . This allows the O-arm to be moved between an operating/surgeon and an imaging/ anesthesia position without compromising the sterility of the operative field. Draping the operative field to include the O-arm gantry requires 3 people (primary surgeon, assistant surgeon or scrub technician, and non-scrubbed circulator) and is technically simple. By allowing sufficient redundancy in drape material between the patient's head and the O-arm ring, the machine is easily moved between the operating and imaging positions without compromising the sterility of the surgical field or colliding with the neuronavigation frame or other sterile equipment.
analysis of intraoperative ct Scans
After depth electrodes are placed, tunneled, and temporarily secured, the O-arm is moved to the imaging position to acquire an iCT scan, which is obtained using previously described techniques that involve the entire convexity of the skull and skull base. 14 We immediately transfer O-arm images to the StealthStation surgical navigation system via a direct Ethernet/Cat5 connection, and the Automerge function is used to fuse the iCT study with the preoperative 3D MRI study (Fig. 3) . For successful fusion of iCT and MRI, studies are obtained using the 3D and Medium settings of the O-arm, and care is taken to ensure that the entire convexity and skull base are included in the iCT study. To determine if any modifications or replacements are necessary prior to final closure, we confirm the location of subdural grid and strip electrodes on a 3D rendering of the brain surface (Fig. 1) . Depth electrode entry point, trajectory, and tip location are compared with those from the preoperative plan.
results

Patient Population
Ten patients underwent implantation of subdural and depth electrodes for invasive epilepsy monitoring at our Level 4 epilepsy center. The patient series included 6 wom-en and 4 men, with an average age of 33 years. All patients underwent placement of subdural electrodes (strips and/or grids), and 8 of the 10 patients had mesial temporal lobe depth electrodes placed as well (Table 1) . Four patients underwent a second-stage resection for focal epilepsy.
electrode repositioning
One hundred four subdural electrode arrays were placed in 10 patients using iCT confirmation; the series included 45 temporal lobe strips, 48 frontal lobe strips, and 11 grid arrays. Four strips were replaced because of suboptimal positioning, including 1 anterior temporal and 3 inferior/ventral temporal strips.
Thirty depth electrodes were placed in 8 of the 10 patients using iCT to confirm final implantation. Postoperative CT scans were also obtained in the first 3 patients in this series and were identical to the iCT scans with respect to electrode lead locations. One depth electrode was replaced because of suboptimal positioning of the electrode tip, which was posterior and lateral to the intended hippocampal target.
complications
There were no surgical site infections in this clinical series. Operative time was extended by approximately 10-15 minutes for positioning the O-arm, less than 1 minute for image acquisition, and approximately 10 minutes for image transfer, fusion, and intraoperative analysis (total time 21-26 minutes). In cases in which electrode repositioning was performed, the operative time was prolonged approximately 12 minutes to reposition electrodes and confirm final location with a repeat iCT scan. Fig. 1 . Three-dimensional surface-rendering images created on a Medtronic StealthStation to guide placement of subdural grid and strip electrodes. The preoperative MR image (a) was merged with the iCT study in the operating room for immediate confirmation of subdural lead locations (b). Postoperatively, the merged image was processed to yield a 3D map of electrode locations that could be used for interpreting extraoperative EEG data (c). Blue dots represent strip electrodes, and white dots represent grid points. Fig. 2 . Example of operating room setup of the O-arm gantry and intraoperative navigation system. In the operating/surgeon position (a), operative access is maximized, and the navigation equipment is in a midline position that does not interfere with the surgical field (b). In the imaging/anesthesia position (c), the sterility of the operative field is maintained, and navigation and stereotactic equipment are not disturbed.
Discussion
In this study, we demonstrated the feasibility of incorporating the O-arm machine into routine epilepsy surgery to facilitate the accurate placement of intracranial recording electrodes. Simple technical modifications allow the machine to be positioned such that it does not interfere with surgical access to the patient for bur hole or craniotomy procedures and can be easily moved between operating and imaging positions while maintaining the integrity of the sterile field. Intraoperative CT easily merges with preoperative planning studies to provide accurate 3D confirmation of subdural and depth electrode placement, allowing any necessary positioning adjustments to be made before leaving the operating room. This technique has the potential to improve the accuracy and quality of invasive EEG data and reduce the need for reoperation to replace electrodes.
The ability to obtain 3D imaging data during neurosurgical procedures has many potential benefits and has been a topic of interest for the past few decades. Intraoperative MRI (iMRI) can provide excellent visualization of the brain anatomy, but it can only be performed in dedicated operative MRI suites or with smaller iMRI devices that have more limited imaging capabilities. Because of the ferromagnetic qualities of standard invasive electrodes and the intraoperative equipment needed to interrogate them during surgery, iMRI is not a feasible option for 3D imaging during invasive EEG electrode implantation.
Intraoperative 3D imaging has been described in a variety of neurosurgical applications, including CT for brain tumor or skull base biopsy 3, 8 and 3D fluoroscopy for different spine operations. 7, 12, 13, 17 Over the past few years, interest in using intraoperative CT scanning to confirm placement of DBS electrodes has been increasing. The Medtronic Fig. 3 . Images obtained on a Medtronic StealthStation system during subdural and depth electrode placement for invasive epilepsy monitoring. Preoperative MRI was used to develop a plan to place the right hippocampal depth electrode, stereotactic guidance was used to implant the electrode along the planned trajectory, and an intraoperative CT scan was obtained and then merged with the preoperative MRI study to confirm trajectory and depth as well as the final anatomical location of the electrode. O-arm is a portable device that is available at most institutions given its use in spine surgery. The O-arm can be easily incorporated into standard frame-based 1,5,14 and frameless 16 DBS surgery with simple technical modifications. This imaging technique has been shown to provide accurate depictions of lead locations and has the potential to reduce the number of malpositioned DBS electrodes that might require subsequent revision surgery. 14 In the present study, we confirmed that these advantages of iCT extend to epilepsy surgery. The techniques used to incorporate the O-arm device are simple to apply in standard-sized operating rooms and do not interfere with the ability to safely perform bilateral bur hole or craniotomy procedures to implant electrodes. Furthermore, direct line of sight can be maintained between the infrared detection device of neuronavigation systems and the aiming guides used for depth electrode implantation, so that current surgical procedures need not be modified. Computed tomography images can be obtained at any stage of the operation and can be used to confirm the location of depth and surface electrodes using preexisting software packages that rapidly merge iCT with preoperative planning MRI studies. The technique has many potential advantages: 1) more useful intraoperative diagnostic EEG data given accurate placement of electrode contacts, 2) ability to reposition malpositioned electrodes before closing the surgical wound, 3) decreased hospital stay because of a reduced reoperation rate, and 4) no need for routine postoperative CT scanning to confirm electrode positions, reducing the need for patient transport after electrode implantation.
The potential drawbacks to this technique warrant consideration. First, the O-arm provides excellent visualization of bone and implanted hardware (for example, electrode contacts), but it is inadequate for soft-tissue imaging. As a result, it cannot be used to reliably identify the presence of an intracranial hematoma, and the location of an electrode relative to deep brain structures can only be deduced by fusing O-arm images with preoperative MRI studies. If there is significant concern regarding intracerebral hematoma from the operation, a routine postoperative CT scan will still be necessary. In facilities with an operative CT suite (rather than a portable device), the intraoperative scan could provide adequate imaging of soft tissue and/or a hematoma as well as the electrode contacts.
Second, the O-arm is large, and careful planning is required to maintain field sterility and provide adequate surgical access. We did not have any wound infections or other intraoperative complications associated with the presence of the O-arm machine during surgery, but it is important to note that our surgical team had significant experience using the O-arm during DBS surgery and other intracranial neurosurgical procedures before we incorporated the device into our surgical epilepsy practice. Moreover, repeat imaging with the O-arm introduces the possibility of increased patient exposure to ionizing radiation, particularly if electrodes are repositioned and an additional iCT scan is obtained. Zhang et al. have characterized O-arm dosimetry 18 and have shown that when the O-arm is set at the 3D imaging mode it delivers 50% of the radiation dose of a 64-slice CT scanner. Thus, for patients who do not require repeat intraoperative or postoperative imaging, the O-arm has the potential to reduce total radiation exposure that would otherwise occur with routine postoperative CT scans. Finally, if an O-arm device is not already available at a particular institution, there is a significant capital cost associated with purchasing the device that could increase the costs of iCT-assisted intracranial electrode implantation surgery.
conclusions
The O-arm device can be easily incorporated into routine electrode implantation surgery with minimal effects on operative time. By merging iCT images with preoperative MRI studies, the surgical team can visually confirm subdural and depth electrode positions before final wound closure. This approach improves the accuracy of intracranial electrode placement and may reduce the necessity for revision surgery.
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